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E-mail address: santos.renata@ijm.univ-paris-dideFriedreich ataxia is the most common recessive neurodegenerative disease and is caused by reduced
expression of mitochondrial frataxin. Frataxin depletion causes impairment in iron–sulfur cluster
and heme biosynthesis, disruption of iron homeostasis and hypersensitivity to oxidants. Currently
no pharmacological treatment blocks disease progression, although antioxidant therapies proved
to beneﬁt patients. We show that sensitivity of yeast frataxin-deﬁcient cells to hydrogen peroxide
is partially mediated by the metacaspase. Metacaspase deletion in frataxin-deﬁcient cells results
in recovery of antioxidant capacity and heme synthesis. In addition, our results suggest that meta-
caspase is associated with mitochondrial respiration, intracellular redox control and genomic
stability.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Oxidative stress is a central pathological feature of Friedreich
ataxia (FA) and a valuable target for therapy [1,2]. FA is a hereditary
neurodegenerative disease caused by reduced expression of frataxin
[3,4]. Frataxin deﬁciency in humans and model systems causes
decreased biosynthesis of iron–sulfur cluster and heme cofactors,
reducedrespiratory capacity,disturbed ironhomeostasis andhyper-
sensitivity to oxidants [5]. Iron accumulation in the mitochondria,
which can participate in the Fenton reaction and increase reactive
oxygen species (ROS) production, is considered an importantmech-
anism inducing oxidative stress in frataxin-deﬁcient cells [1,2].
However, substantial evidence shows that glutathione-dependent
defenses andantioxidant enzymesare repressedornotproperly reg-
ulated [6–9]. In addition, patient ﬁbroblasts and lymphoblasts un-
dergo apoptosis when challenged with oxidants [10–12]. Here, wechemical Societies. Published by E
rescein diacetate; DHR123,
ferrichrome; GSH, reduced
ogen peroxide; RT-PCR, real-
; TUNEL, terminal deoxynu-
rot.fr (R. Santos).report that the yeast metacaspase Yca1 is implicated in the regula-
tion of the antioxidant status of yeast frataxin-deﬁcient cells
(Dyfh1).
2. Materials and methods
2.1. Yeast strains, plasmids and growth conditions
The Saccharomyces cerevisiae strains used in this study were
derived from the YPH499 cycloheximide-resistant (wild-type) and
the YPH499yfh1 shufﬂe strains [13]. The YPH499Dyfh1 (Dyfh1::TR
P1) mutants were constructed prior to experiments in aerobiosis
[13]. YCA1 was deleted using the Dyca1::kanMX4 locus of the
BY4741Dyca1mutant (Euroscarf collection) ampliﬁed by PCR using
50-CTGGATACTTAATGCCCATCGAGTC-30 and 50-GTCTGAATACATCTA
CCAACGTACACAT-30 primers. Successful integration was veriﬁed
using one external primer to the deleted genomic region and one
primer speciﬁc of the kanMX4 cassette. The primer sets used were:
50-CGCTAGCGTTATCTGAATCAG-30 and 50-CTGCAGCGAGGAGCCG-
30; 50-CACTAATTGCTACTTTGGCCG-30 and 50-TGATTTTGATGACGAG
CGTAAT-30. Liquid cultures were grown at 30 C in deﬁned YNB
(yeast nitrogen base, 2% D-glucose, plus the required amino acids)
or in rich YPD (1% yeast extract, 2% Bacto peptone, 2% D-glucose)lsevier B.V. All rights reserved.
144 S. Lefevre et al. / FEBS Letters 586 (2012) 143–148media; both supplemented with 200 mg/l adenine. Yeast cells were
challenged with H2O2 (Sigma) in YNB or YPD medium as described
[14].
2.2. Detection of metacaspase activation, ROS accumulation and cell
cycle
Exponentially growing cells in YNB medium were labeled with
2 ll of FITC-VAD-fmk (Promega) in PBS for 20 min at 30 C in the
dark. Samples were analyzed by ﬂow cytometry using a CyAn
ADP LX apparatus (Beckman Coulter) with excitation at 488 nm
and emission detection through a 530/40 nm band pass ﬁlter.
Intracellular ROS were detected using 25 lg/ml dihydrorhodamine
123 (DHR123; Calbiochem) and 10 lg/ml 20,70-dichlorodihydro-
ﬂuorescein diacetate (DC-FDA; Sigma–Aldrich Co.) by ﬂow cytom-
etry as described [14]. For cell cycle analysis exponentially growing
cells were ﬁxed with 70% ethanol overnight, washed and RNAs
digested overnight at 37 C with 0.2 mg/ml RNase A in 50 mM so-
dium citrate buffer, pH7.4. DNA was labeled overnight with
100 lg/ml propidium iodide. Samples were analyzed by ﬂow
cytometry with excitation at 488 nm and emission detection
through a 610/20 nm band pass ﬁlter. For mutation rate calcula-
tion, single colonies were inoculated in YNB medium, grown for
48 h and appropriate dilutions were plated in YPD and YNB with-
out arginine plus 100 lg/ml canavanine.Fig. 1. Oxidative stress sensitivity and metacaspase activation in Dyfh1 cells. (A) Expon
diluted and spotted onto YPD plates containing 0.5 mM diamide, 2 mMH2O2 and 2 mM pa
type cells treated with 1 and 2 mM H2O2 for 60 min in YNB medium. Data represent ratio
for 4 h. Data represent percentages of cells stained ± S.E. for 3 < n < 5 cultures; ⁄⁄⁄P < 0.0
60 min. Diluted cultures were spotted onto YPD plates. (E) Surviving fraction of exponent
means ± S.E. (n = 3); ⁄P < 0.05, ⁄⁄P < 0.01.2.3. Other techniques
Mitochondria from yeast cells cultured at 30 C in YNB Raf med-
ium (2% rafﬁnose, 0.1% glucose) were prepared as described [15].
Low-temperature absorption spectra, iron uptake measurements,
enzymatic activities, respiration were assayed as described
[16,17]. Glutathione levelswere determinedas previously described
[8] using GSSG standard curves. GSH/GSSG ratios were calculated
using the equation GSH/GSSG = 2  [(total glutathione)  GSSG]/
GSSG. RNA extraction, cDNA preparation and real-time quantitative
PCR (RT-PCR) were carried out exactly as described [8]. The primers
used are listed in Supplementary Table 1. Statistical analysis was
performed using the paired T-test.
3. Results
3.1. Sensitivity of Dyfh1 cells to H2O2 is partially dependent on
metacaspase
One of the ﬁrst phenotypes described for the Dyfh1mutant was
its sensitivity to pro-oxidant chemicals [4,18]. However, in our
hands this mutant was highly sensitive to H2O2 but not to diamide,
paraquat and tert-butyl hydroperoxide (Fig. 1A; data not shown).
Treatment of Dyfh1 and wild-type cells for 60 min with 2 mM
H2O2 resulted in only 4.0 ± 0.8% survival of mutant compared toential cultures of wild-type and Dyfh1 in YPD medium were sequentially ﬁve-fold
raquat and incubated for 3 days at 30 C. (B) Ratio of surviving ofDyfh1 versus wild-
of means ± S.E. (n = 4). (C) Metacaspase activation in cells treated with 0.4 mM H2O2
01. (D) Sensitivity of exponentially growing cells in YPD medium to 2 mM H2O2 for
ially growing cells in YNB medium to 60 min H2O2 treatment. Data represent ratio of
S. Lefevre et al. / FEBS Letters 586 (2012) 143–148 145wild-type cells (Fig. 1B). Since the protease metacaspase Yca1 is
activated when wild-type yeast cells are challenged with H2O2
mediating apoptotic cell death [19], we investigated whether this
pathway was effective in Dyfh1 cells. The ﬂuorescent probe FITC-
VAD-fmk and ﬂow cytometry analysis were used to assay metacas-
pase activation. The number of ﬂuorescent cells was signiﬁcantly
higher in Dyfh1 than in wild-type cells after treatment with H2O2
(Fig. 1C and Supplementary Fig. S1). This corresponds to metacas-
pase induction, since the number of ﬂuorescent cells in the double
Dyfh1Dyca1 mutant was drastically reduced compared to Dyfh1.
Of note, a considerable percentage of the double mutant-cells were
ﬂuorescently labeled suggesting that another caspase-like protease
recognizing FITC-VAD-fmk may be induced by H2O2 in Dyfh1 cells,
which is consistent with previous observations [20,21]. In
agreement with the increase in metacaspase activation in Dyfh1
cells, the Dyfh1Dyca1 cells were less sensitive to H2O2 treatment
(Fig. 1D and E).
3.2. Metacaspase deletion increases the antioxidant status of Dyfh1
cells
Glutathione is a major protective antioxidant in yeast cells. We
have shown that Dyfh1 cells have low total glutathione content
and a reduced GSH/GSSG ratio [8]. Since the double Dyfh1Dyca1
mutant was more resistant to H2O2, we tested if glutathione anti-
oxidant defense was altered. The glutathione-speciﬁc content was
2.5-fold higher in the Dyfh1Dyca1 mutant than in the Dyfh1 mu-
tant, and similar to that observed in the Dyca1 mutant (Fig. 2A).
The GSH/GSSG ratio was also slightly increased in the double mu-
tant (5.3 in Dyfh1 compared to 9.3 in Dyfh1Dyca1). In addition, the
expression of 19 genes implicated in the response to oxidative
stress using RT-PCR was investigated (Fig. 2B). Seven genes encod-






























































































Fig. 2. Oxidative stress defenses in frataxin- and metacaspase-deﬁcient cells. (A) Total a
expression (Dyfh1 or Dyfh1Dyca1 versuswild-type). Data represent ratio of means ± S.E. (
DC-FDA probes. Data represent medians of ﬂuorescence ± S.E. (n = 3).Dyfh1 compared to wild-type. Transcription of all these genes was
increased in the double Dyfh1Dyca1 mutant (Fig. 2B). Excepting
the GRX4 gene, the expression of the other genes was at least com-
parable to that observed in the wild-type. Therefore, only one gene
out of seven was repressed in the Dyfh1Dyca1 mutant. A small
reduction in ROS accumulation was observed in Dyfh1Dyca1 cells
compared to Dyfh1 cells using two different ﬂuorescent probes
(Supplementary Fig. 2C). Taken together these results show that
frataxin-deﬁciency in yeast cells leads to deregulation of antioxi-
dant defences that may be mediated by metacaspase or an uniden-
tiﬁed metacaspase substrate.
3.3. Metacaspase deletion rescues other phenotypes in Dyfh1 cells
Cytochrome synthesis in vivo in Dyfh1 cells was partially re-
stored by the Dyca1 deletion (Fig. 3A). For instance, cytochromes
a + a3 and b levels were 10-fold increased in Dyfh1Dyca1 com-
pared to the Dyfh1 cells and cytochrome c level was ﬁve-fold in-
creased. However, these levels were at least four-fold lower than
those observed in wild-type and Dyca1 cells. Total iron accumula-
tion was not consistently reduced in Dyfh1Dyca1 compared to the
Dyfh1 mutant (Fig. 3B). Respiration was slightly but not signiﬁ-
cantly increased (Fig. 3C). This was possibly due to mitochondrial
DNA loss in theDyfh1Dyca1mutant, which was comparable to that
observed for theDyfh1mutant (98–99% in our experimental condi-
tions). In addition, there was no difference in the activity of two
mitochondrial iron–sulfur cluster enzymes, aconitase and succi-
nate dehydrogenase, in the Dyfh1 and Dyfh1Dyca1 mutants
(Fig. 3D), suggesting that iron–sulfur cluster biogenesis is not im-
proved by metacaspase deletion.
A non-death function has been described for Yca1 in promoting
the G1/S transition and delaying the G2/M transition in cells grown
in acidiﬁed rich media [22]. In our conditions, the cell cycle was notΔyfh1/WT
Δyfh1Δyca1/WT
Relative expression compared to the WT




















nd oxidized glutathione levels. Data represent means ± S.E. (n = 5). (B) Relative gene
3 < n < 4). (C) ROS levels detected by ﬂow cytometry after staining with DHR123 and
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in Dyfh1 populations an increase in the number of cells in the G1
phase and a reduction in the S and G2/M phases were observed;
this delay at the G1 phase is consistent with the slower growth
of Dyfh1 (data not shown). A slight, but signiﬁcant (n = 2;
P < 0.05), reduction in G1 cells and an increase in the number of
cells in the S and G2/M phases were detected in the Dyfh1Dyca1
compared to Dyfh1 cells. This result is consistent with the
improvement of growth in the double mutant compared to Dyfh1
(data not shown).
3.4. Yca1 is involved in mitochondrial functions
It is intriguing that the glutathione content in Dyca1 cells is
modiﬁed; a signiﬁcant increase in total glutathione content com-
pared to wild-type cells was observed (n = 5; P < 0.001; Fig. 2A).
Nevertheless, a ﬁve-fold increase in the content of oxidized GSSG
disulﬁde was observed in Dyca1 compared to wild-type cells, indi-
cating a change in the intracellular redox balance towards more
oxidizing conditions. In addition, analysis of steady-state gene
transcription by RT-PCR showed that most of the genes tested were
repressed inDyca1 cells (Fig. 4). These genes included those encod-
ing catalase Ctt1, glutathione peroxidases, glutaredoxins, thiore-
doxins and thioredoxin reductases. Since oxidative damage is a
major cause of genome instability [23], the mutation rate of meta-
caspase-null mutant was determined. The assay used is based on
the measurement of spontaneous mutations that inactivate theFig. 3. Phenotypes of Dyca1 and Dyfh1Dyca1mutants. (A) Low-temperature spectra of w
exponentially growing cells in YNB with 1 lM 55Fe-citrate or 55Fe-ferrichrome (FCH).
mitochondria with 1 mM NADH. Data represent means ± S.E. (n = 3). (D) Enzymatic activ
cycle phases of exponentially growing cells in YNB (pH 5.4). Data represent means ± S.ECAN1 gene conferring resistance to canavanine. There was an
eight-fold increase in the mutation frequency in the Dyca1 mutant
compared to wild-type (167.8 ± 22.4  107 cells for the Dyca1 and
20.0 ± 3.9  107 cells for the wild-type). On the other hand, no
loss of mtDNA was observed (data not shown).
We next investigated whether mitochondrial functions were
affected in Dyca1 cells. The cellular iron content (Fig. 3B) and the
cytochrome spectra (Fig. 3A) of Dyca1 were similar to those of
wild-type cells; however, mitochondrial respiration was half that
observed in wild-type cells (Fig. 3C) and the activities of aconitase,
succinate dehydrogenase and malate dehydrogenase were also
lower (Fig. 3D). The reduced respiratory capacity did not interfere
with the ability of mutant cells to grow on non-fermentable carbon
sources, such as ethanol and glycerol (data not shown). These ﬁnd-
ings suggest a new role for the Yca1 protease in cellular redox con-
trol and in mitochondrial respiratory functions.
4. Discussion
Susceptibility to oxidative stress is not a primary defect of fra-
taxin-deﬁciency but it is observed in all eukaryotic organisms
studied and contributes largely to the cellular phenotypes [1,2,5].
Although it is recognized that the cellular antioxidant defense
mechanisms are defective in frataxin-deﬁcient cells, it is not clear
which molecules among ROS accumulate and are responsible for
the damage. Different studies in yeast, Drosophila and patient ﬁbro-
blasts suggested that H2O2 could be the accumulating specieshole cells. A representative experiment is shown. (B) Iron accumulation measured in
Data represent means ± S.E. (n = 3). (C) Rate of oxygen consumption by isolated
ities measured in puriﬁed mitochondria. Data represent means ± S.E. (n = 4). (E) Cell







































































Fig. 4. Relative expression of genes implicated in the response to oxidative stress in Dyca1 cells. Data represent ratio of means Dyca1/wild-type ± S.E. (3 < n < 4).
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sensitive to H2O2. The reduced expression of catalase-encoding
genes (CTA1 and CTT1) and lack of heme, which is the cofactor
for these enzymes, in addition to low glutathione content, could
be responsible for the H2O2 sensitivity.
Metacaspase is an important protein implicated in H2O2-medi-
ated apoptosis in yeast [19] and partially accounts for death of
Dyfh1 cells. Despite being widely used for diagnosis of apoptotic
death in numerous conditions, little is known about the role of
metacaspase either in the death pathway or in healthy cells.
Recently, the metabolic enzyme glyceraldehyde-3-phosphate
dehydrogenase was identiﬁed as a speciﬁc substrate of Yca1 in
H2O2-induced apoptotic cells [25]. Interaction between metacas-
pase, mitochondrial biogenesis and energy metabolism was sug-
gested based on results obtained in S. cerevisiae cells expressing
the Trypanosoma brucei metacaspase and in Candida albicans
[26,27]. We show here that respiration and three tricarboxylic acid
cycle enzyme activities are lower in Dyca1 than in wild-type cells,
indicating that energy metabolism is affected in the absence of
metacaspase.
Metacaspase deﬁciency is associated with increased resistance
to oxidative stress and no increased intracellular ROS levels
[19,22,27]. However, accumulation of oxidatively modiﬁed pro-
teins and up-regulation of proteasome 20S activity has been de-
scribed in H2O2-treated Dyca1 cells [28]. These contrasting
observations raise the question of whether the intracellular redox
status in Dyca1 mutant cells is normal. Our results suggest that
Dyca1 cells are in an oxidative stress condition. Gene transcription
is repressed, implying that several antioxidant defense mecha-
nisms are decreased. In addition, the spontaneous mutation rate
is considerably high in Dyca1 cells. Although total glutathione lev-
els are high, the increase in oxidized GSSG levels compared to wild-
type cells indicates an oxidative stress status. The fact that Dyca1
cells are resistant to H2O2 treatment could be interpreted as an
uncoupling of the oxidative stress response from cell death: H2O2
causes oxidative damage in Dyca1 cells, but because the major
executor of death in this condition is absent, the cells survive.
However, it cannot be excluded that resistance to H2O2 may result
from the increased expression of heat shock chaperones as previ-
ously proposed [29].In the absence of metacaspase, Dyfh1 cells recover antioxidant
capability. Dyfh1Dyca1 cells show higher glutathione content than
wild-type cells and the GSH/GSSG ratio decreases compared to
Dyfh1 cells. The link betweenmetacaspase and increase in total glu-
tathione is not clear. Since synthesis does not seem repressed it is
possible that degradation is less efﬁcient, in this case suggesting
that metacaspase might target glutathione degradation pathways.
In addition, transcription of almost all genes encoding antioxidant
enzymes repressed inDyfh1 cells is normal or induced inDyfh1Dy-
ca1 cells. The SOD2 and CTT1 genes are regulated by the transcrip-
tion factor Hap1 that is activated by heme and oxygen [30]. CTA1
gene transcription also responds to heme and oxygen [31]. Since
inDyfh1Dyca1 cells heme biosynthesis is re-established, it is possi-
ble that repression of these genes results from heme depletion in
Dyfh1 cells. Even though in Dyfh1Dyca1 cell growth, heme biosyn-
thesis and antioxidant capacity are improved, iron-sulfur cluster
biogenesis is still impaired. In conclusion, it is clear that metacas-
pase participates in essential mitochondrial functions and that the
identiﬁcation of its proteolytic substrates would help elucidate
the molecular mechanisms of frataxin deﬁciency in yeast cells.
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